ABSTRACT: Climate variability can affect population dynamics via adult survival or via offspring production and recruitment. The relative importance of both processes is still an unresolved matter, especially in long-lived species, where the time lags between the climate signal and the population response differ greatly depending on the process involved. We address the issue using 378 time series from 29 seabird species from 187 breeding colonies throughout the North Atlantic. The effect of climate on population growth rate is estimated as the slope of the North Atlantic Oscillation (NAO) index at different time lags when used as a covariate in population models. Using nonlinear mixed effects models, we can demonstrate that climate affects the population dynamics of seabirds, both through adult survival and through the recruitment of offspring produced. The latter effect is stronger, and the long time lags involved make it likely that its magnitude is still underestimated. Because different processes are involved, the sign of the relationship with the NAO differs between time lags. The relationship between the NAO and the population growth rate is also highly variable, both within and across species. In a second analytical step, we address the factors that may cause this interspecific and inter-colony variation, considering the ecological, demographic and geographical characteristics of the populations. Among comparatively 'fastlived' seabirds, i.e. species with large clutches, the relationship with the NAO reverses its sign depending on latitude, while no such trend is apparent among 'slow' species.
INTRODUCTION
Climate can have profound effects on the demography and population dynamics of marine top predators. Effects of climate on seabirds have been documented in the timing of breeding, breeding proportion, breeding success and adult survival (e.g. Thompson & Ollason 2001 , Durant et al. 2004a , Lee et al. 2007 , Monticelli et al. 2007 , Gaston et al. 2009 , Jenouvrier et al. 2009 , Sydeman 2009 , Wolf et al. 2009 ). Furthermore, reviews and comparative analyses of Atlantic seabirds have shown that such results are not merely isolated findings, but can be documented across species and populations, although the degree of climatic responsiveness may vary widely between different seabird taxa (Reid et al. 1999 , Durant et al. 2004b , Sandvik & Erikstad 2008 , Sandvik et al. 2008a . Whereas many of the processes in volved in modulating these demographic traits are increasingly well understood, it is still a long way to understanding the pathways of climatic influences on population dynamics as such. Population growth is a function of all life-history traits and, thus, integrates the environmental effects on all these para meters , Tuljapurkar et al. 2009 ), which, in addition, may operate at different time lags (Post 2004 ).
An important question in both life-history theory and global change research regards the relative importance of environmental influences on population dynamics via offspring production and recruitment on the one hand and via adult survival on the other (Stearns 1992 , Weimerskirch et al. 2003 , Saether & Engen 2010b . The effect of variability in a life-history trait a on the variance of population growth rate (λ), and thus fitness, is a function both of the variability of a and of this trait's elasticity e (relative importance for the population growth rate). In matrix notation, this dependence can be approximated as (Caswell 2001, p. 225): (1)
At the same time, the most elastic life-history trait is predicted to be under the strongest selection pressure against temporal variability (Jonsson & Ebenman 2001) , so that one usually finds a negative correlation between a life-history trait's elasticity and its variability (Pfister 1998 , Saether & Bakke 2000 . It is therefore not straightforward to predict the balance of demographic elasticity versus climatic responsiveness in shaping population dynamics: while a trait must be temporally variable in order to be responsive to environmental conditions such as climate, it must have a high elasticity if it is to affect the population growth rate.
The current study aims at examining whether seabird population dynamics are more strongly influenced by climate via adult survival or offspring production and recruitment. This is addressed using a modelling approach based on a large sample of time series on seabird population counts across the North Atlantic. The problem is approached by comparing the relationship between the North Atlantic Oscillation (NAO) index and population growth rates across different time lags. If climatic effects on adult survival are most important, the relevant time lag of climatic effects on population dynamics will most often be zero (assuming a direct effect of weather) or 1 yr (assuming indirect effects via the food chain). If climatic effects on offspring production are more important, however, the population dynamics are expected to be affected most strongly by the climatic conditions several years ago, where the number of intervening years is equal to the age at recruitment. This follows from the fact that the effect of climate on offspring production will not become apparent in population counts before the offspring affected has actually recruited to the population being censusedprovided that the signal is not lost during the prolonged pre-breeding life-span of seabirds. With offspring production we here refer to the size of the cohort fledged in a certain year, which is the product of half the adult population size, the breeding proportion, clutch size, hatching success and fledging success, all of which can be affected by climate. With recruitment we refer to the number of birds that have not previously bred entering the breeding population in a given year, which, in turn, is determined by the initial size of the cohort recruited, pre-breeding survival and philopatry, and establishment success.
The second step of the analyses examines whether it is possible to detect general patterns in the climatic responsiveness of seabird population dynamics. Climatic responsiveness varies considerably between different species (Kitaysky & Golubova 2000 , Jenouvrier et al. 2005a , Sandvik et al. 2005 , Sandvik & Erik stad 2008 , Saether & Engen 2010b , but also between different populations of the same species (Mysterud et al. 2000 , Harris et al. 2005 , Sandvik et al. 2008a ). It is important to acquire better knowledge of the differential climatic responsiveness of species and populations. Taxonomy, geography, foraging ecology and life history are among the factors that may help to predict climatic responsiveness and to derive lawful (nomothetic) generalisations in climate ecology. The causal and mechanistic understanding of the links between climate and population dynamics will remain incomplete unless commonalities and differences between species and populations are addressed.
We approach these problems by analysing an interspecific dataset. Addressing the issue comparatively makes the study nomothetic rather than merely descriptive, i.e. it generalises across species. The results demonstrate that the climatic response in seabird population dynamics is indeed geographically patterned and that life-history characteristics lead to differential responses across species.
METHODS
The present comparative study is based on published time series of population estimates of North Atlantic seabirds. In order to obtain reliable estimates of population parameters, only time series of at least 12 yr length were included. The resulting data base contained 378 time series from 187 locations and 29 species. The median length of the time series was 19 yr (mean: 25 yr; maximum: 75 yr; in total 9320 observation-years). The colonies ranged from Florida (27.9°N, 80.7°W) 
Population modelling
For each of the 378 population time series, 25 separate logistic population models were fitted. The 25 models per population included 1 climatic covariate each, viz. NAO at time lags from 0 to 24 yr. Most of the 25 time lags were assumed to be biologically irrelevant for the populations modelled. They were included in order to be able to correct for the occurrence of correlational artefacts (see below). The logistic population models had the form N t +1 = λ t N t , where N t is the population size in year t, and λ t is the population growth rate in year t:
(2) with β, slope of the covariate Z; e, base of the natural logarithm; ε, independent variable with zero mean and variance σ 2 res (which is the part of environmental variance σ 2 e that is not accounted for by Z); K, carrying capacity; r, intrinsic population growth rate; τ, number of years the NAO is lagged against the population time series; and Z t , NAO index in year t. The parameters β, K, r and σ res were estimated from each population times series using maximum likelihood such that the log-likelihood:
was maximised over the n elements of the time series , where E(lnN k ) = ln(λ k−1 N k−1 ) is the predicted log-population size based on the observed population size N k−1 and Eq. (2). The logistic population model was chosen because it has previously been shown to describe the pattern of density regulation in avian population dynamics quite well . The model of Eq. (2) is based on the implicit assumption that population sizes N t are measured without error. While this assumption is met in very few populations, mainly because of intermittent breeding, we have not attempted to correct for this source of noise. We contend that, while observation error makes the data more noisy, this will to a certain degree be outweighed by the large sample size and does not introduce any systematic error.
Definition of variables
The extended winter (December to March) NAO index was used as the environmental covariate of the population models (Hurrell 2005) . This index was chosen because many studies have identified the winter NAO to have huge biological significance (e.g. Ottersen et al. 2001 , Sandvik & Erikstad 2008 , and because the signal:noise ratio of the NAO is strongest in winter (Barnston & Livezey 1987 , Hurrell et al. 2003 . The estimated slope β (Eq. 2) of the standardised climatic covariate was used as a measure of climatic effects on population dynamics. We refer to this slope as relationship to the NAO. It is close to +1 if the population growth rate increases proportionally with the NAO index and −1 if the relation is inverse.
A second measure, referred to as climatic responsiveness, was defined in a way that preserves the magnitude, but ignores the sign of the climate effects. Because |β| or β 2 yield distributions that are truncated at zero, climate responsiveness was defined as 1 + ln|β|. This measure thus approaches −∞ if population growth rate is entirely unrelated to the NAO index. It is positive if the population growth rate is strongly affected by the NAO index, irrespective of the direction of this relationship.
The relationship with the NAO and climatic responsiveness were entered as dependent variables into the following analyses, which aimed at explaining the variation in these measures among populations and species. Explanatory variables considered were body mass, life history, foraging distance, diving depth, latitude and longitude. Body mass, foraging distance and diving depth were log-transformed. Life history was defined as the first axis in a principal component analysis (PCA) incorporating the species' ages at maturity and clutch size. Large positive values of 'life history' indicate species at the fast end of the slow− fast life-history continuum (e.g. large clutch ; for details on the PCA see Supplement 2 at www.int-res. com/ articles/ suppl/ m454p273.pdf). Ages at maturity were the best estimates of each species' median age at first breeding (not physiological maturity). Longitude was, because of this measure's bimodal distribution, replaced by a binary variable (American vs. European coast). Because local estimates of the explanatory variables were unavailable for most colonies, life-history traits and foraging ecology of the species were inferred from the literature (Poole & Gill 1992 , Schreiber & Burger 2002 . Some of the variables were unavailable in a few species, and these were extrapolated based on a phylo geny of the related species (cf. Supplement 2).
Time lags and covariates of climatic effects
The effect of climate was investigated using nonlinear mixed-effects models (Pinheiro et al. 2006) , analysing the climate effects estimated at all 25 time lags of all 378 populations simultaneously, with population as random factor and taking account of the correlation structure between the different time lags within each population by assuming an autoregressive process of order 1. Species, higher taxon and region (North Sea, Baltic Sea, Barents Sea, etc.) were also tested as nested random factors in addition to population. The non-linear function used was a bell curve centred on the time lag t = t 0 + t 1 α and with a variance of 0.5 ( Fig Σ b k X k , magnitude of the population response to climate (b 0 being the intercept and b k the slope of the response on covariate X k ); ε i τ , residual error; f (i,τ), response, i.e. climatic responsiveness or relationship with the NAO, of population i to the NAO conditions prevailing τ years ago; i, population (dummy variable used as identifier); κ, background correlation across all time lags; t = t 0 + t 1 α, time lag of the population response (t 0 being the intercept and t 1 the slope of time lag on age at maturity α); τ, number of years the NAO was lagged against the population time series; U i , population-specific random effect; and X k , explanatory variable k. The choice of a variance of 0.5 was arbitrary.
Using this model, the magnitude of climate effects can be estimated simultaneously with the relevant time lag. The occurrence of correlational artefacts is buffered by the nuisance variable κ, which allows the unbiased estimation of the magnitude of climate effects (b) by subtraction of κ (Fig. 1) . In other words, b is a measure of the magnitude of the effects of climate at time t on population growth over and above the effects (real or artifactual) that climate at the other 24 time lags was estimated to have. The model equation can also be used to specify a null model (letting b 0 , b i , t 0 , t 1 = 0) or test fixed time lags (letting t 1 = 0 and t 0 = time lag).
Because of the complex model structure and high sample sizes, modelling was divided into 3 steps.
(1) A non-linear mixed-effects model was used to test the relevance of different time lags without considering covariates (b 1 = 0). (2) At time lags equalling 0 yr, 1 yr and each species' age at maturity, relevant covariates were searched for using linear fixedeffects models. (3) The results of the second analysis step were re-inserted in non-linear mixed-effects models to corroborate the previous findings. The results of the intermediate (second) step are not shown.
Time series length and data quality may influence the results obtained, because short time series may give rise to spurious correlations and because data Fig. 1 . Schematic presentation of the non-linear model structure used in explaining climate effects on population dynamics. The 3 parameters b, κ and t are estimated from the data. In order to account for correlational artefacts, the nuisance parameter κ estimates the 'baseline correlation' across all time lags, including the biologically uninformative ones. The magnitude b of climate effects is then estimated as the height of the peak over and above this baseline. Time lags t can be specified, or estimated simultaneously with b and κ (cf. Eq. 1) obtained using poor sampling design may contain huge observation errors. We checked this by including time series length (number of years) and data quality (a score from 1 to 9; see column 'Type' in Table S1 in Supplement 1 at www.int-res.com/articles/ suppl/m454p273.pdf) as covariates. Both variables affected the nuisance parameter κ in climatic responsiveness (length, p < 10 −12
; quality, p = 0.038). This was not the case for the relationship with the NAO, nor did length or quality influence the magnitude of climatic responsiveness or of the relationship with the NAO at any time lag (all p >> 0.1). Because no parameters other than κ were affected by the inclusion of length or quality, the latter variables were therefore omitted from the analyses.
Model selection
Model selection was based on Akaike's Information Criterion (AIC). We report ΔAIC values relative to the null model (i.e. subtracting the AIC of a model excluding covariates from all other models' AICs), such that large negative ΔAIC values indicate well-supported models. If 2 or more nested models deviated by < 2 AIC units, the most parsimonious model was preferred, i.e. the one requiring fewest parameters.
The phylogenetic inertia of the relationship with the NAO and of climatic responsiveness was estimated as the variance explained by sister taxa. See Supplement 2 for more details and for the references used to infer the seabird phylogeny.
All computations were carried out in the R environment (R Development Core Team 2006). Estimates are presented as means ± SE throughout.
RESULTS
Climate effects were tested with 25 time lags, most of which must be assumed to be biologically irrelevant. The following analyses correct for potential biases by estimating and subtracting a general 'baseline correlation' across all time lags (nuisance parameter κ; Fig. 1 ).
In the first step of the analyses, the time lags at which climatic responsiveness was largest (i.e. at which most variability in population growth rate was explained by the climatic covariate) were identified (see Table 1 ). If no time lag was specified, the nonlinear model estimated the most important time lag to be only marginally different from zero (0.75 ± 0.42 yr, ΔAIC = −1.13, p = 0.071). Specifying a fixed time lag of 1 yr resulted in a better model (ΔAIC = −2.52) than fixing the time lag at 0 yr, however (ΔAIC = −0.04).
When the most important time lag was defined to be a function of each species' age at maturity, a wellsupported model was obtained (ΔAIC = −2.66). Most importantly, the coefficient of age at maturity was highly significant (1.45 ± 0.25, p < 10 −8 ), and also the magnitude of climatic responsiveness was larger than at the remaining time lags (0.16 ± 0.06, p = 0.0033). The intercept of the function was not different from zero (−1.34 ± 0.96, p = 0.16). The model could be simplified further by recognising that the coefficient of age at maturity was only marginally different from unity (0.45 ± 0.25, p = 0.068). This simplified model was the best one overall (ΔAIC = −2.72), but received very similar support as the model with a constant 1 yr time lag.
Climatic responsiveness was larger than at the remaining time lags for a time lag equalling 1 yr or age at maturity (> 0.11 ± 0.05, p < 0.04). This was not the case for the unlagged effect of climate (0.08 ± 0.06, p = 0.15).
In the next step, the importance of covariates in explaining the magnitude of the populations' climatic responsiveness was modelled. At fixed time lags of 0 and 1 yr, none of the covariates was able to explain Table 1 ), the models' AIC increased by at least 0.8 units. At time lags equal to each species' age at maturity, several models performed slightly better than the intercept-only model (Table 2) , including effects of body mass, diving depth, their interaction and latitude. However, none of those models represented improvements by > 2 AIC units. This means that the intercept-only model for climatic responsiveness lagged by age at maturity was preferred over the models in Table 2 . In models of climatic responsiveness, a considerable amount of variation was observed at the levels of species (standard deviation, 0.27) and higher taxon (0.37), in addition to the population level (0.69; residual SD, 1.11). These models therefore include 3 nested random effects.
Climatic responsiveness, as defined here (see 'Materials and methods'), ignores the sign of the climatic effect. When considering the relationship between population growth rate and the NAO, all 3 time lags turned out to be important (Table 3) , and differences between the American and the European coasts of the North Atlantic appeared at all time lags. The unlagged relationship with the NAO was more positive at the European than at the American coasts of the North Atlantic, whereas the reverse was true for the relationship with the NAO lagged by 1 yr and by each species' age at maturity. At the latter time lag the relationship with the NAO was more positive in species with fast life histories (Table 3) . However, closer inspection revealed that this positive relationship between life history and climate effect was most pronounced at low latitudes, while the relationship tended to be negative at high latitudes (Fig. 2) . There was a weak tendency that larger species had a stronger relationship with the unlagged NAO (Table 3) . Table 2 . Covariates explaining the magnitude of climatic responsiveness of population dynamics across 378 seabird populations. The climatic covariate (North Atlantic Oscillation) is lagged by each species' age at maturity (which means that all models are nested within the last model of Table 1 ). Each column represents estimates from 1 non-linear mixed-effects model. Only the set of best models is shown. See Table 1 Overall, the time lag with the most explanatory power was age at maturity (AIC increased by > 25 units when omitting these effects; Table 3 ). The second most important time lag was 1 yr (ΔAIC = 13). Omitting the unlagged effects still deteriorated the model by almost 10 AIC units.
The only random factor retained in models of relationship with the NAO was the population. The variation at the species or higher taxon level was negligible (SD < 0.005; residual = 0.176).
There was no evidence of phylogenetic inertia in relationship with the NAO (all r 
DISCUSSION

Relative importance of climatic effects on recruitment and adult survival
The population dynamics in 378 populations of 29 different species of North Atlantic seabirds are shown to be clearly affected by climate, as measured by the NAO index. The most important time lag at which climate effects operated, was not a constant lag, but one that varied across species, viz. the one that corresponded to each individual species' age at maturity. In the sample considered, ages at maturity varied between 2 and 9 yr.
A time lag in population dynamics equalling age at maturity is caused by the recruitment of new breeders to the adult population. Finding that the effect of climate is most pronounced at this time lag, therefore, means that offspring production is the fitness component in North Atlantic seabirds that responds most to climatic variability. The findings thus have a direct bearing on what has been termed 'tap/tub hypothesis' (Saether et al. 2004 ), i.e. the question whether population dynamics are mainly affected through offspring production and recruitment ('tap' hypothesis) or through adult survival ('tub' hypothesis). As the underlying processes are not mutually exclusive, however, one might better speak of 'tap' and 'tub' effects than of competing hypotheses. Our results show that both effects are relevant in sea birds; however, the 'tap' effect is more pronounced.
The latter finding is in accordance with the expectation that adult survival in seabirds should exhibit low temporal variability. In long-lived species such as seabirds, adult survival is the life-history parameter of greatest importance for population growth rate, i.e. the trait with the greatest elasticity (Gadgil & Bossert 1970 , Lebreton & Clobert 1991 , Wooller et al. 1992 . At the same time, natural selection ca nalises the most elastic life-history traits, so that a negative correlation between elasticity and temporal variance is expected and found (Pfister 1998 , Saether & Bakke 2000 , Wisdom et al. 2000 , Jonsson & Ebenman 2001 , Gaillard & Yoccoz 2003 . Empirical data from sea birds corroborate that adult survival has high elasticity and low temporal variability (Jenouvrier et al. 2005b , Stahl & Oli 2006 . It seems rather intuitive that a low temporal variability translates into a low climatic responsiveness of the trait in question.
The latter conclusion does not follow with necessity, however: the high elasticity of adult survival might also lead to the opposite expectation, viz. that even a relatively small response of adult survival to climatic variation may have a greater effect on long-term population growth than a comparatively much greater response in reproduction would have (cf. Eq. 1). After all, population viability is affected more by changes in the environ-279 Fig. 2 . Relationship between population growth rate and the North Atlantic Oscillation (NAO) across 378 North Atlantic seabird populations is affected by life history and latitude. Overall, the relationship with the NAO increases with faster life histories (Table 3) , this pattern becoming weaker and even reversing towards the north. (The climatic covariate, NAO, is lagged by each species' age at maturity. Life history is represented as a species' 'demographic speediness', i.e. high values indicate comparatively large clutches and low ages at maturity.) ment that increase the temporal variance in demographic traits with high elasticity than in traits with low elasticity (Lande 1993 , Saether & Bakke 2000 . If, for instance, the climatic variability during the past decades exceeded the levels that a species has been adapted to (in either variance or mean), one might observe maladaptive responses even in highly elastic parameters. Several recent studies have documented effects of climate on seabird survival in the North Atlantic (Grosbois & Thompson 2005 , Harris et al. 2005 , Sandvik et al. 2005 , Frederiksen et al. 2008 , Lavers et al. 2008 . The current study, too, demonstrates that a nontrivial fraction of the climatic impacts on population dynamics is due to adult survival (Table 3) . It might be feared that these effects are evidence of maladaptive responses to atypical conditions. However, the present study clearly shows that, at least when averaged across seabird species, population dynamics have so far been more strongly affected by climate through offspring production than through adult survival.
Several factors make it difficult to obtain reliable estimates of the magnitude of environmental effects on population dynamics that are exerted through recruitment. The most important among these factors are the prolonged recruitment period in long-lived species and the variance and uncertainty of age at maturity. Because immature birds are not counted as part of the breeding population, they are 'invisible' to population models during the 2 to 9 yr (or more) prior to the birds' recruitment. The environmental influences (climatic and otherwise) that accumulate during this period and lead to pre-breeding mortality or emigration may be expected to erase or swamp the effect that climate has had on any given cohort during breeding. Furthermore, the birds of a given cohort do not all recruit in the same year. Finally, birds may return to their breeding colony several years before they in fact start to breed (Sandvik et al. 2008b) . Most studies making up the raw data of our sample (n = 378) used actual breeding pairs (n = 258) or nests occupied (n = 71) as their counting unit, however, minimising this error source. In any case, all the factors mentioned render our estimates conservative; in other words, our estimate is, if anything, an underestimate of the climatic impact on population dynamics via recruitment.
Similar to the response of adult survival, the response of offspring production to climate may itself be lagged because the effect is mediated through the food chain. Across species, however there was no evidence of the lag being longer than age at maturity (Table 1) .
Relationship with the NAO
We examined whether the interspecific variation in climatic responses could be explained using the life history or feeding ecology of the species, or the geography of the populations. The relationship with the NAO lagged by age at maturity exhibited a striking difference between species with comparatively fast and slow life histories (i.e. large vs. 1-egg clutches, and low vs. high age at maturity; for discussions of the slow−fast life history continuum see Saether & Bakke 2000 , Bennett & Owens 2002 . Among 'fast' species, the relationship with the NAO decreased with increasing latitude (Fig. 2) . This result corroborates earlier findings from the analysis of breeding success (Sandvik et al. 2008a ) and shows that the patterns found for breeding success retain their relevance for population dynamics throughout the entire pre-recruitment period. The findings are further strengthened by the fact that only 17 populations entered into both analyses (corresponding to 52% of the time series used in the earlier study and merely 4% of the current study). However, the current study extends the earlier results by showing that the decrease of the NAO relationship with latitude is restricted to species with fast life histories (Fig. 2,  Table 3 ). While species with slow life histories (clutches of 1) respond much less to climate, 'fast' species exhibit positive relationships with the NAO at southern latitudes and negative relationships at northern latitudes. A possible explanation for this pattern is that recruitment is more variable in species with large clutches, being a consequence of the fact that the lowest possible recruitment is the same (viz., 0) irrespective of clutch size, while the maximum possible recruitment will increase with clutch size. Climatic effects on fecundity will thus result in larger impacts on population dynamics if clutch sizes are large. That the effect actually changes its sign is, in turn, most likely due to the different oceanographic 'meaning' of the NAO at different latitudes (Wang et al. 2004 , Sandvik et al. 2008a .
The relationship between population growth rate and climate differed among populations on the American and European coasts of the North Atlantic. This could be due to differences in the marine environment and the meteorological 'meaning' of the NAO on the 2 coasts, i.e. due to different relationships between regional and local climate (cf. Hurrell et al. 2003) .
Owing to hugely differing sample sizes (n Am = 21, n Eur = 357) and the fact that the American data only came from terns and pelicans, the difference may also be an artefact, e.g. because these taxa have lower average annual adult survival rates (0.825 ± 0.025) than other seabird groups (0.879 ± 0.010; based on the species sampled for the present paper). Interestingly, the signs of the effect are not the same at the 3 time lags considered: the relationship between the unlagged winter NAO and the population growth rate is more positive in Europe than in America. However, the relationship is more positive in America than in Europe for longer time lags. This indicates that, on average, a NAO condition that exerts a negative effect on adult survival, has a positive effect on reproduction in the following breeding season, and vice versa.
Climatic responsiveness
In analysing climatic effects on population dynamics, we distinguished between the relationship with the NAO and climatic responsiveness (see 'Methods' for definitions). The latter variable ignores the sign of the climatic effects while retaining its magnitude. Previous studies have shown that large climatic effects of different signs can cancel each other out in analyses where effects are averaged across multiple populations of the same species (Sandvik & Erikstad 2008 , Sandvik et al. 2008a , so that climatic responsiveness might be interpreted as a propensity or potential of a species rather than a fixed attribute. The actually realised magnitude and even sign of the climatic response may vary on comparatively small geographical scales due to local oceanographic, trophic, or other conditions , 2004 , Harris et al. 2005 , Irons et al. 2008 ). This explanation is compatible with our findings: the present study has documented different average signs of relationship with the NAO at different latitudes; there was considerable phylogenetic inertia in climatic responsiveness, but not in relationship with the NAO; and species and higher taxon were rejected as random effects in models of relationship with the NAO, but could not be omitted in models of climatic responsiveness.
Climatic responsiveness lagged by age at maturity showed a marginal trend to decrease with the population's latitude. According to the model that obtained the lowest AIC value (Table 2) , there was also a very weak positive effect of body mass on climatic responsiveness; however, none of these models outperformed the more parsimonious model without covariates (Table 1) .
It has been suggested that foraging range or diving depth can predict the responsiveness of seabirds to environmental variation (Furness & Ainley 1984 , Furness & Barrett 1991 , Furness & Tasker 2000 . In our dataset, however, apart from some weakly supported tendencies (cf. Table 2), feeding ecology did not explain any across-species variance in climatic responses.
Methodological considerations
The use of a high number of time lags and the estimation of a nuisance parameter κ turned out to be an effective way of providing unbiased estimates of the time lag and magnitude of demographic responses to climatic variability (cf. Fig. 1 and Eq. 4). The estimates were, therefore, not affected by the length of the time series or the quality of the data. The analysis did not correct for the presence of observation error in population counts, e.g. due to intermittent breeding or methodological limitations. Likewise, the relationships with the NAO -being estimates from population models and not measurements -were treated as point estimates in subsequent analyses, which amounts to an additional simplifying assumption. However, the fact that data quality did not affect the estimates, gives some indication that the results are robust, at least against a certain level of observation error. This would have to be verified using methods that are able to quantify observation error and to take error propagation into account, however.
A number of other factors remains uncorrected for, such as non-linear responses to climate or different strengths and forms of density regulation in different species (Saether & Engen 2010a) . While providing topics for further detailed study of single species, it may be premature to address these issues at the cross-specific level. In the analyses presented here, these factors most likely take the form of noise rather than systematic errors.
In age-structured populations, apparent environmental effects that are lagged by the age at maturity may occur purely because of autocorrelations in the population time series (Lande et al. 2002 (Lande et al. , 2003 . This potential artefact cannot account for the findings reported here, because, in this case, the same environmental covariates would also show an unlagged effect of the same sign and an even greater magnitude. To the contrary, the climatic effect lagged by age at maturity was actually stronger than the unlagged one and had the opposite sign.
Conclusions and outlook
To summarise, we found evidence in an interspecific dataset that the population dynamics of North Atlantic seabirds are affected by climate, both through an effect on offspring production and on adult survival. Although the climatic signal of offspring production on population dynamics is weakened by conditions experienced by immature birds during the years prior to recruitment, this effect had nevertheless the greatest magnitude.
The current warming of global climate, which is predicted to continue and accelerate during the next century at least (IPCC 2007) , will doubtlessly affect seabirds, too. Given that the patterns documented in the present study using data from the past century (1920 to 2005) hold true for the next century, too, our findings allow some predictions about seabird population responses to climatic change.
First, the signs of the climate effects differed for different time lags: climate conditions that affect population growth rate negatively by unlagged effects on adult survival tend to have positive effects on population growth rate by lagged effects via offspring recruitment, and vice versa. This finding, which has also been reported from the Southern Hemisphere (Croxall et al. 2002 , Jenouvrier et al. 2005a ), may entail a certain amount of buffering of population dynamics against climatic variability.
On the other hand, if positive-phase NAO conditions become more frequent in the future, as has been predicted based on coupled general circulation models (Monahan et al. 2000) , the following re sponses of seabird population may be predicted: species of Atlantic seabirds with small clutches and high annual adult survival rates will tend to exhibit lower population growth rates (or more decreasing long-term trends) than species with the opposite life-history strategy. This difference will be most pronounced for populations breeding at lower latitudes. 
